We present first-principles electronic structure calculations of Mn doped III-V semiconductors based on the local spin-density approximation (LSDA) as well as the self-interaction corrected local spin density method (SIC-LSD). We find that it is crucial to use a self-interaction free approach to properly describe the electronic ground state. The SIC-LSD calculations predict the proper electronic ground state configuration for Mn in GaAs, GaP, and GaN. Excellent quantitative agreement with experiment is found for magnetic moment and p-d exchange in (GaMn)As. These results allow us to validate commonly used models for magnetic semiconductors. Furthermore, we discuss the delicate problem of extracting binding energies of localized levels from density functional theory calculations. We propose three approaches to take into account final state effects to estimate the binding energies of the Mn-d levels in GaAs. We find good agreement between computed values and estimates from photoemisison experiments.
I. INTRODUCTION
Semiconductor spintronics aims to exploit both the spin and charge of electrons in new generations of fast, low dissipation, non-volatile integrated information storage and processing devices. The Mn doped Ga-V semiconductors are amongst the most interesting materials for applications in such new devices. In particular, (GaMn)As has been established as a well-behaved mean field ferromagnet with the Curie temperature T c linearly dependent on the concentration of the substitutional Mn, 1 a magnetic moment per Mn close to its free ion value, 2 and a possible low concentration of carriers further promoting T c .
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Recent advances in thin-film growth of III-V semiconductors doped with Mn have led to synthesis of (GaMn)As dilute magnetic semiconductor (DMS) with Curie temperatures of the order of 173 K 4 . Also, recent experiments by Edmonds et al. 5 indicate a carrier-induced nature of the ferromagnetic exchange, but a small, finite, density of unoccupied Mn d states is found close to the Fermi level, reflecting hybridization with the host valence bands. Burch et al., 6 on the other hand, claim observing impurity band conduction in Ga 1−x Mn x As, with large effective masses of the carriers, so far not confirmed by other experiments.
The most interesting characteristic of DMS is the carrier induced nature of the magnetic coupling, which has two important practical implications. First, the carriers are polarized and DMS can serve as efficient sources for spin injection, owing to the fact that they are structurally compatible with semiconductors used in devices, which alleviates the problems of interfacial disorder that prohibits efficient spin-injection from traditional ferromagnets into semiconductors. Second, because the Curie temperature is correlated with the carrier concentration, the magnetic order can be manipulated with voltage 7 . Therefore, efforts aimed at increasing the Curie temperature of magnetic semiconductors have to be concerned with the nature of the magnetic exchange coupling in order not to loose these main advantages of carrier induced magnetism. However, in order that these materials be relevant for practical spin-and magneto-electronics 8 applications, their Curie temperatures have to be raised above room temperature.
The successful description of magnetic properties in Ga 1−x Mn x As motivated Dietl et al. 9 to use the Zener model 10,11 description to predict Curie temperatures of various Mn doped group IV, III-V, and II-VI semiconductors. In particular, their prediction of a high
Curie temperature of Mn doped GaN inspired many groups to synthesize this system, and several reports of Curie temperatures well in excess of room temperature now exist in the literature 12 . However, despite important advances made for the Ga 1−x Mn x As system, the microscopic nature of the electronic structure and magnetic exchange of Ga-V systems, and especially (GaMn)N, is far from understood. In particular, it still needs to be established whether the magnetism in these materials complies with the description provided by the T c , appears in agreement with experiment for Ga 1−x Mn x As, with x up to 0.09 4 .
The key question that needs to be addressed from an electronic structure point of view is whether at concentrations of several atomic percent of substitutional Mn, the acceptor level forms an impurity band broad enough to merge with the valence band. The electronic structure of Mn in Ga-V semiconductor hosts is best studied with first principles elec- shed some light on the intricacy of the electronic structure of Mn doped GaAs.
II. SPURIOUS SELF-INTERACTIONS AND THEIR REMOVAL
The local (spin) density approximation to density functional theory forms the foundation of the conventional band theory. It describes electron correlations at the level of the homogeneous interacting electron gas and has been very successful in predicting electronic properties of many materials in terms of their ground state charge density. 32, 33 For semiconductors, this is particularly true for the prediction of structural properties and alloying behavior. A common criticism of LDA and its generalization, the generalized gradient approximation (GGA), namely the systematic tendency to underestimate the band gap, is strictly speaking not a shortcoming, since DFT in its present use is a theory of the ground state and hence not meant to predict quasi particle excitation spectra. Nevertheless, LDA and GGA based band structures are often used to describe the valence and conduction bands in semiconductors and numerous methods have been applied to correct the magnitude of the band gap.
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In solids with localized d-and/or f -electrons, such as the transition metal monoxides, the cuprate high temperature superconductors, rare earths, actinides, and, as we will see below, dilute magnetic semiconductors, LDA notoriously fails to describe correctly the electronic and magnetic ground state properties. This can be understood as follows: in Kohn-Sham based DFT, the energy functional of the electron density is written as,
where T s is the single particle kinetic energy, V ion the ionic potential, J the classical Coulomb interaction energy -or Hartree energy -of the charge density, and E xc is the exchange and correlation energy that contains the exchange term and all the non-classical electron correlations. When the electron density is decomposed into orbital densities, n = i n i ,
it is straightforward to demonstrate that the Hartree term contains a contribution,
of an orbital interacting with itself. This self-interaction term is cancelled exactly by the self-exchange contribution to E xc . In the LDA and GGA, E xc is approximated and the self-interactions are not cancelled anymore. One speaks of spurious self-interactions that are introduced by the approximations in the LDA and GGA functionals.
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The spurious self-interactions are negligible for extended orbitals such as the s and p bands in semiconductors or d bands in transition metals. They are, however, substantial whenever electrons occupy localized orbitals such as the 3d orbitals of transition metal atoms in oxides or of transition metal impurities in semiconductors. In these cases, the spurious self-interactions push the localized orbitals into the valence band usually resulting in too strong a hybridization with the other valence electrons.
This problem was recognized already more than two decades ago and a remedy was proposed by Perdew and Zunger 36 to simply subtract the spurious self-interactions from the LSDA functional. Their self-interaction corrected (SIC) local spin density (LSD) functional takes the form
where the sum runs over occupied and localized orbitals with non-vanishing self-interaction corrections
When applied to atoms, the most extreme case where all electrons occupy localized orbitals, the SIC-LSD functional drastically improves the description of the electronic structure 37 . In solids, where not all electrons occupy localized orbitals, one is faced with the task of minimizing the orbital dependent SIC-LSD functional (2). Additionally, since the LSDA exchange correlation functional depends non-linearly on the density, the selfinteraction corrections (3) and hence the SIC-LSD functional (2) are not invariant under unitary transformations of the basis and one is thus faced with a daunting functional minimization problem.
Since the main effect of the self-interaction correction is to reduce the hybridization of localized electrons with the valence band, the technical difficulties of minimizing the SIC-LSD functional in solids can often be circumvented by introducing an empirical Coulomb interaction parameter U on the orbitals that are meant to be localized. The original derivation of the LDA+U approach 38 seems to have been based on the conjecture that LDA can be viewed as a homogeneous solution of the Hartree-Fock equations with equal, averaged, occupations of localized d-and/or f -orbitals in a solid. Therefore, as such, it can be modified to take into account the on-site Coulomb interaction, U, for those orbitals to provide a better description of their localization. The on-site Hubbard U is usually treated as an adjustable parameter, and chosen to optimize agreement with experiment. In many transition metal oxides, the approach is successful because the results are not very sensitive to the precise value of U. However, in Mn doped III-V systems, the opposite seems to be the case, 39 magnetic exchange and moment depend sensitively on the value of U and the method looses its predictive power.
For this reason we are using an approach 40 with which the full SIC-LSD functional is minimized with respect to the orbital decomposed charge density, giving rise to a generalized eigenvalue problem with an orbital dependent potential -as the self-interaction corrections are only non-zero for localized electrons 36 , the localized and delocalized electrons experience different potentials. The latter move in the LSD potentials, defined by the ground state charge density of all occupied states, while the former experience a potential from which the self-interaction term has been subtracted. Hence, in this formulation one distinguishes between localized and itinerant states and it is possible to study different nominal valences for those elements in the solid that contain localized d− and/or f -electrons. To determine the ground state energy and valence, one minimizes the SIC-LSD functional with respect to these electronic configurations (different distributions of localized and itinerant states). The resulting SIC-LSD method is a first principles theory for the ground state with no adjustable parameters. Finally, it is important to note that the SIC-LSD functional subsumes the LSDA, that is, when all electrons (besides the core electrons) are itinerant, the configuration in which no orbitals self-interaction correct will have the lowest energy and the solutions of the SIC-LSD functional will be identical to that of the LSDA.
III. ELECTRONIC STRUCTURE OF GAMNAS
In this study we model the idealized 41 Mn doped semiconductor with a supercell approach with a unit cell of up to 64 atoms, in which one Ga atom has been replaced with a Mn impurity. We limit ourselves to the zinc-blende structure with experimental lattice constants of the host semiconductor and neglect structural relaxations. In all calculations, the 4s and 4p electrons of the semiconductor hosts are itinerant, forming the valence band -applying self-interaction corrections to these electrons raises the energy. Self-interaction corrections are applied to states that originate from the Mn-3d electrons, that is, we minimize (2) over orbital decomposed densities and the different combinations of applying self-interaction corrections to the Mn-3d levels. Of all possible combinations, the following two scenarios always have the lowest energy: (1) when self-interaction corrections are applied to all five majority Mn-3d levels -this is the S = 5/2 configuration which we denote by Mn(d 5 ) or Mn 2+ ; (2) when self-interaction corrections are applied to all but one of the majority Mn t 2g levels -this configuration has S = 2 and we will call it Mn(d 4 ) or Mn 3+ .
A. Ground state, magnetic moment, and exchange
The relative energies of the three relevant configurations for one Mn impurity in a 64 atom unit cell of GaAs are (Table I .
B. Localized levels and photoemission
Although DFT is strictly speaking a theory of the ground state from which spectroscopic information is not easily extracted, the LDA based band-structure is often compared to photoemission experiments. This is because the effective Kohn-Sham potentials can be viewed as an energy independent self-energy and hence the Kohn-Sham energy bands correspond to the mean field approximation for the spectral function. In the SIC-LSD, this argument only applies to the itinerant orbitals that are not self-interaction corrected. The localized states that have been self-interaction corrected see a different potential 40 , and the solution (or the solutions) to the generalized SIC-LSD eigenvalue problem, which is different from the solution to the Kohn-Sham equations in the LDA, no-longer correspond to a mean field approximation of the spectral function. To extract spectroscopic information for the local- ized Mn 3d levels from the SIC-LSD calculations, we have to take a different route. We consider three approaches:
1. The canonical approach to compute photoemission energies of localized states in the literature is a ∆ SCF calculation 44 , in which the total energy differences between two configurations of Mn assumed to represent the initial and final states of a photoemission experiment are compared. This is expressed by the formula 
where one simply compares two final state energies: the energy of the system with one Mn d electron removed compared to the energy of the system with one electron removed at the Fermi level. This alternative way of interpreting the photoemission spectrum leads to the numerical result that is very similar to ∆
SCF , as can be seen from Table II. 2. In the earlier section we have described the SIC-LSD method as an orbital dependent density functional theory. Formally, however, SIC-LSD may be viewed as a standard density functional theory, implying that the SIC-LSD energy functional can be represented (Table II) .
3. As a 'quick and dirty' way to obtain electron removal energies just from the selfconsistent ground state calculation one may apply a transition state approximation, according to which the Mn removal energy is defined as the average of the SIC-LSD and LSD d state positions:
In effect, the SIC potential is only counted with half of its strength in the transition state approximation to the removal energy. By evaluating H LSD in the initial state, i.e. without the hole in the d shell, we avoid the aforementioned effect of the d-hole pulling the d levels down. This approximation has been discussed for rare-earth impurities in GaAs and GaN.
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The transition state philosophy was also implemented in Ref. 50 , albeit in a different manner, by invoking the averaging factor of 1 2 already in the total energy functional, while we do it here only for the removal energy, Eq. (6), after self-consistency.
In Table II 
V. SUMMARY
As we have seen, the use of standard band structure techniques, such as the LSDA, does not lead to satisfactory description of the electronic structure of Mn doped semiconductors. This is because spurious self-interactions introduced by the approximation to the exchange correlation functional lead to an incorrect description of the Mn d orbitals as well as of the hole mediated magnetic exchange. Hence, to properly describe magnetic semiconductors, methods have to be used that do not suffer from spurious self-interactions.
Here, we have applied the SIC-LSD method to study the electronic structure and magnetic properties of Mn doped III-V semiconductors. For (GaMn)As our calculations predict the correct electronic ground state configuration for Mn, with its magnetic moment of 4. 
